Abstract: We experimentally demonstrate four-wave-mixing (FWM)-based continuous wavelength conversion of optical differential-phase-shift-keyed (DPSK) signals with large wavelength conversion ranges as well as simultaneous wavelength conversion of dual-wavelength channels with mixed modulation formats in 1.1-cm-long dispersion-engineered silicon waveguides. We first validate up to 100-nm wavelength conversion range for 10-Gb/s DPSK signals, showcasing the capability to perform phasepreserving operations at high bit rates in chip-scale devices over wide conversion ranges. We further validate the wavelength conversion of dualwavelength channels modulated with 10-Gb/s packetized phase-shift-keyed (PSK) and amplitude-shift-keyed (ASK) signals; demonstrate simultaneous operation on multiple channels with mixed formats in chip-scale devices. For both configurations, we measure the spectral and temporal responses and evaluate the performances using bit-error-rate (BER) measurements. demultiplexing of an OTDM DPSK data signal using a silicon waveguide," IEEE Photon.
Introduction
As data rates in broadband optical networks continues to grow, all-optical signal processing technologies are expected to become essential for energy efficient optical switch fabrics since signal manipulation based on optical-electrical-optical (OEO) interfaces will become too complex and power hungry at high multichannel data rates. Optical parametric processing platforms enable power efficient and ultra-fast signal processing functionalities for wavelength converters [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , wavelength multicasters [11, 12] , tunable delays [13] , regenerators [14] , amplifiers [15] , as well as temporal demultiplexers [16, 17] . Among these functionalities, wavelength converters are critical building blocks for wavelength-divisionmultiplexed (WDM) systems as they can help avoid wavelength contention problems and increase overall system flexibility. Ideally in such a system, it is required to be format transparent, i.e., mixed-format channels can be wavelength converted in a single device over a wide wavelength range. Parametric wavelength converters based on four-wave-mixing (FWM) have been demonstrated in highly-nonlinear fiber (HNLF) [6] , photonic crystal fiber (PCF) [7] , semiconductor optical amplifier (SOA) [8] , periodically poled LiNbO 3 (PPLN) [9] , chalcogenide waveguides [10] , as well as silicon waveguides [1] [2] [3] [4] [5] . However, these demonstrations cannot fully satisfy the aforementioned requirements.
Complementary metal-oxide-semiconductor (CMOS)-compatible silicon photonic devices are attractive for all optical processing systems since they possess potential for low-cost mass production, and are typically of very small-footprint allowing for dense integration of these devices. Moreover, the silicon waveguides' well-controlled sub-micron cross-section dimensions allow for tight control of modal dispersion properties, allowing for dispersion engineering to optimize four-wave mixing (FWM) bandwidth and efficiency [1, 18] . Thus far, terabit-per-second bit rates processing within the telecom bands [16, 17] and up to 800-nm continuous wavelength conversion bandwidth with continuous wave (CW) signal [19] have been experimentally demonstrated, showing the potential for ultra-broadband and ultra-high bit rate parametric processing systems based on silicon photonic technology. Phase-shiftkeyed (PSK) format is widely used in today's optical communication systems as it exhibits several advantageous qualities such as improved receiver sensitivity, higher tolerance to effects of nonlinear degradation, and potential for improved spectral efficiency. Previous demonstrations of wavelength conversion in silicon waveguides have focused on amplitudeshift-keyed (ASK) format [2] [3] 12] . The capacity of these silicon waveguides to achieve broadband wavelength conversion of PSK format and simultaneous wavelength conversion of dual-channel with mixed formats (one modulated in PSK format while the other in ASK format) have yet to be explored.
In this paper, we report two recent demonstrations. In the first, we wavelength convert a 10-Gb/s DPSK signal in a dispersion engineered silicon waveguide across 100-nm wavelength range, thus validating the capacity of these silicon waveguides for ultrabroadband and format transparent parametric processing. The DPSK probe signal is repeatedly wavelength converted using a strong CW pump with varied probe-idler separations, and the performance of this functionality is evaluated by measuring the bit-errorrate (BER) curves. Error-free operations with a constant 1-dB power penalty over a range of probe-idler separations spanning 100-nm wavelength range are achieved. In the second demonstration we experimentally demonstrate simultaneous wavelength conversion of dualwavelength channels with mixed formats in a dispersion engineered silicon waveguide, further validating the capacity of these silicon waveguides for parametric processing of different formats simultaneously. One-channel and two-channel wavelength conversions of 10-Gb/s packetized data (ASK + PSK) using strong gated CW pumps are achieved with errorfree operation and less than 0.4-dB power-penalty difference between the two configurations.
Broadband wavelength conversion
Since both ASK and PSK formats are widely used in optical networks, future wavelength converters should be format transparent with the ability to use the exact same component to wavelength convert any incoming data format. As FWM-based wavelength conversion is a phase-preserving operation, we expect phase modulated data to be wavelength converted with minimal degradation. In order to verify the suitability of the silicon waveguides for this functionality in a broadband manner, we wavelength-convert a 10-Gb/s DPSK signal with varied conversion ranges to show consistent low power penalties for the different conversion ranges. The experimental setup for this demonstration is schematically shown in Fig. 1 . A CW probe from a tunable laser (TL) is modulated by a phase modulator, driven with a 10-Gb/s nonreturn-to-zero (NRZ) 2 31 -1 pseudo-random bit sequence (PRBS) data from a pulse pattern generator (PPG), to generate a DPSK signal. The modulated probe signal is then amplified by a thulium-doped amplifier (TDFA) and filtered (λ) using a tunable filter. A CW pump signal at 1552.5 nm from another TL is amplified using an erbium-doped fiber amplifier (EDFA) and combined with the probe using an optical add-drop multiplexer (OADM). Polarization controllers are used throughout the experiment for polarization optimization. Both the probe and pump signals are aligned to TE polarization with a total power of 22 dBm before being injected onto the chip using a tapered fiber. The device used here is a silicon waveguide of 1.1-cm length, 30-nm slab and 290-nm × 720-nm cross section with fiber-to-fiber linear insertion loss of ~6.4 dB, fabricated at Cornell Nanofabrication Facility using electron-beam lithography followed by reactive-ion etching. Each end of the waveguide has an inverse-taper mode converter for efficient coupling to tapered fibers. The zero-group-velocity-dispersion (ZGVD) wavelength for this waveguide was calculated to be ~1577 nm [19] . The optical signal egressing from the chip is measured with an optical spectrum analyzer (OSA). The converted signal is filtered and demodulated using a delay interferometer (DI) before undergoing additional amplification and filtering. The demodulated signal is inspected using a digital communications analyzer (DCA), received using a photodetector (PIN-TIA) followed by a limiting amplifier (LA), and measured with a BER tester (BERT). A variable optical attenuator (VOA) is used to vary the optical power incident on the receiver for the BER measurements. Back-to-back eye diagrams and the corresponding BER curves are recorded bypassing the chip, and then detected with no amplifier afterwards. In order to observe the device's operation with large probe-idler detuning, we perform several wavelength conversions with separate probe wavelengths set to 1524, 1514, and 1504 nm, corresponding to probe-idler detunings of 58, 79, and a 100 nm respectively. We measure the spectra of the wavelength conversions directly after the chip and the corresponding eye diagrams for the probe and idler as shown in Fig. 2a-c . The conversion efficiency (the difference in power between the probe and idler egressing from the chip) remains constant 24 dB, and the converted eye diagrams remain clean and open with different conversion ranges. We then measure bit-error-rate (BER) for both back-to-back (probe) and converted (idler) signals as shown in Fig. 3 . The BER curves of the converted signals overlap and a constant minimal power penalty of 1 dB as well as error-free operation are experimentally achieved for all the wavelength conversion ranges. The power penalty mainly comes from the amplified spontaneous emission (ASE) noise from the preamplifier, filtering stage. Fig. 3 . 10-Gb/s BER curves of back-to-back and wavelength-converted signals with constant 1-dB power penalties for probe-idler separations of 58, 79, and 100 nm respectively.
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Mixed-format wavelength conversion
Beyond being able to wavelength-convert both ASK and PSK data, it would be beneficial to be able to simultaneously process more than one signal channel with different formats to reduce complexity and cost on the system level. Therefore we proceed to demonstrate a higher complexity functionality with packetized dual-wavelength conversion of mixed-format signals, enabling simultaneous operation with different modulation formats and multichannels at high bit rates in chip-scale devices to affirm the feasibility of simultaneous conversion of multiple channels with different formats. Data measurements are performed to validate the feasibility of this functionality.
Experimental setup
Fig. 4. Experimental setup for mixed formats (ASK + PSK) wavelength conversion
The experimental setup for this demonstration is schematically shown in Fig. 4 . Two CW probe signals at 1559 nm and 1558.1 nm (occupying the wavelength channel of C23 and C24 within ITU grid) from distributed feedback (DFB) lasers are modulated by a phase modulator and an amplitude modulator respectively, both driven by10-Gb/s data (NRZ, 2 15 -1 PRBS) from a PPG, to generate optical PSK and ASK signals. They are then combined using a 3-dB coupler and sent to 6.5-km single mode fiber for data decorrelation. After that, they are gated using another amplitude modulator driven by a data timing generator (DTG) which outputs 192-ns period with 25% duty cycle, producing 48-ns optical packets. Using gated pump and probes also enhances the conversion efficiency by increasing the peak power while maintaining the average power low, minimizing two-photon absorption (TPA) and TPAinduced free-carrier absorption (FCA) losses. The packetized probe signals are further amplified and filtered using an EDFA and a broadband tunable filter. In parallel, a CW pump signal at 1552.5 nm (C31, ITU grid) from a TL is also gated using an amplitude modulator driven with the same DTG output which is electronically delayed to ensure the packets of the pump and the probe signals overlap in time domain perfectly. The pump signal is then amplified and combined with the probe signals using an OADM. All the signals are aligned to TE polarization before being launched into the silicon chip with a tapered fiber.
The device used here is similar to the one described previously but fabricated in a different run. It has a 300-nm × 710-nm cross section, 1-cm length and fiber-to-fiber linear insertion loss of ~8.8 dB. Dispersion profile characterization has been reported previously for these designs and was not measured within this experiment. The FWM interaction in the silicon waveguide produces idlers at shorter wavelengths which are copies of the probes. The optical signals egressing from the chip are coupled out via another tapered fiber and examined on an OSA first. Then the converted signal is filtered using a tunable grating filter, amplified using an EDFA and further filtered using a second tunable grating filter to suppress ASE noise. The converted PSK signal is demodulated using a DI. The ASK and demodulated PSK signals are then measured using a DCA, received using a PIN-TIA followed by a LA, and finally measured on a BERT. A common 10-GHz clock is used to synchronize the PPG, DTG, DCA and BERT. The BERT is synchronized with the packet gating signal to ensure that the data portion of the packet is measured without the intensity overshoot at the beginning of each packet. A VOA is used to vary the optical power incident on the receiver for BER measurements. In order to investigate the power penalty from the FWM process only, backto-back BER curves and the corresponding eye diagrams are recorded bypassing the chip, attenuated using a VOA to mimic the same fiber-to-fiber insertion loss through the chip for each case, and then detected using the same setup. We first perform one-channel wavelength conversion for each channel individually. The optical PSK (ASK) channel at C23 (C24) of ITU grid is converted to shorter wavelength channel at C39 (C38) through FWM process in the silicon waveguide. After that, we perform two-channel wavelength conversions of mixed-format data by turning on both the PSK (C23) and ASK (C24) channels. Channels at C23 and C24 are simultaneously wavelength converted to C38 and C39. In the experiment, the total average power before entering the chip is kept at 22 dBm for all the cases. We record the optical spectra as well as time domain responses for the optical packets, the corresponding eye diagrams at the output of the chip for the above two configurations as shown in Fig. 5a-b . The conversion efficiencies for both one-channel and two-channel conversion configurations are 25 dB. The overshoot at the beginning of each converted packet is due to TPA and FCA as a result of the "packetized" pump. This can be avoided by using slightly longer pump which starts earlier than the packetized data. The optical packets and respective eye diagrams of both PSK and ASK channels remain clean and open after wavelength conversion with different configurations.
Experimental results
We then record BER curves (Fig. 6 ) for all the back-to-back (probe) and wavelengthconverted (idler) signals for aformentioned cases with error-free operations. The power penalty between the wavelength converted ASK signal and the corresponding back-to-back case is 0.9 dB for one-channel conversion configuration (Fig. 6a) , and 1.2 dB for two-channel conversion configuration (Fig. 6b) . The power penalty between the wavelength converted PSK signal compared to the corresponding back-to-back case is 0.4 dB for one-channel conversion configuration (Fig. 6c) , and 0.8 dB for two-channel conversion configuration (Fig.  6d) . The peak power of the probe signal is above the threshold of nonlinear effects, such as self-phase modulation which accounts for the increased power penalty for ASK one-channel conversion and cross-phase modulation which accounts for the increased power penalty for two-channel conversion [20] . 
Conclusion
We have validated the silicon-photonic platform's suitability for FWM-based wavelength conversion of phase modulated signals over a broad spectrum as well as the ability to simultaneously convert multiple channels with mixed formats. In the first demonstration we demonstrated the concept of broadband wavelength conversion of 10-Gb/s DPSK signal over 100 nm utilizing the phase-preserving properties of the all-optical interaction. We observed constant 1-dB power penalty after wavelength conversion for all the examined probe-idler separations. The results affirm the feasibility of format-transparent continuous wavelength converters operating over 100-nm probe-idler detuning using silicon-based FWM devices. We then continued to demonstrate packetized dual-wavelength conversion of mixed-format signals, enabling simultaneous operation with different modulation formats and multichannels at high bit rates in chip-scale devices. The increased power penalty when scaling to two channels is mainly attributed to the cross phase modulation between the probe signals. Improved performance can be obtained by further optimizing power levels of the probe signals which would allow minimizing deleterious nonlinear cross-talk and still maintaining good optical signal-to-noise ratio (OSNR) of the converted signals. These demonstrations validate the suitability of the CMOS-compatible silicon-photonic platform for flexible lowcost all-optical processing systems and highlight the ability to process multiple data formats on a single platform.
